Abstract Emerging lines of evidence suggest a relationship between amyotrophic lateral sclerosis (ALS) and protein sumoylation. Multiple studies have demonstrated that several of the proteins involved in the pathogenesis of ALS, including superoxide dismutase 1, fused in liposarcoma, and TAR DNA-binding protein 43 (TDP-43), are substrates for sumoylation. Additionally, recent studies in cellular and animal models of ALS revealed that sumoylation of these proteins impact their localization, longevity, and how they functionally perform in disease, providing novel areas for mechanistic investigations and therapeutics. In this article, we summarize the current literature examining the impact of sumoylation of critical proteins involved in ALS and discuss the potential impact for the pathogenesis of the disease. In addition, we report and discuss the implications of new evidence demonstrating that sumoylation of a fragment derived from the proteolytic cleavage of the astroglial glutamate transporter, EAAT2, plays a direct role in downregulating the expression levels of full-length EAAT2 by binding to a regulatory region of its promoter.
Introduction
Amyotrophic lateral sclerosis (ALS) is an adult onset, ultimately fatal neurodegenerative disease, which primarily affects upper motor neurons in the motor cortex and lower motor neurons of the spinal cord and brain stem. The median age of diagnosis is 55 years and progression after diagnosis is swift, often culminating in death within 1-5 years (Haverkamp et al. 1995) . The disorder has a focal onset followed by segmental spreading caused by the rapid degeneration of upper and lower motor neurons, resulting in muscle weakness and atrophy throughout the body and ultimately leading to death from respiratory failure (Haverkamp et al. 1995) . There is no cure for ALS and the only FDA approved drug, Rilutek TM (Riluzole), only extends life by 3-6 months (Lacomblez et al. 1996; Georgoulopoulou et al. 2013; Miller et al. 2012) .
One of the biggest challenges in the study of ALS pathogenesis is the complex nature of the disease. The etiology combines both environmental and genetic factors with 90-95 % of cases having no known genetic cause or documented familial lineage (sporadic ALS or SALS). However, 5-10 % of ALS cases are familial, and many have been linked to mutations in several genes (familial ALS or FALS; Byrne et al. 2011) . The first gene discovered carrying ALS-causative mutations was superoxide dismutase 1 (SOD1). More than 150 ALS-linked mutations have been found in SOD1 over the course of 20 years, which are cumulatively responsible for 10-20 % of FALS cases (Siddique and Deng 1996; Miller et al. 2012) . The complexity of ALS is also seen in clinical manifestation. While ALS patients primarily suffer from progressive muscle wasting and weakness culminating in paralysis, some also develop dementia due to the clinical complication of frontotemporal lobar degeneration (FTLD). In 2006 and 2009 mutations in two RNA/DNA-binding proteins, TAR DNA-binding protein 43 (TDP-43) and fused in sarcoma/translated in liposarcoma (FUS/TLS) were found to be ALS-causative (Neumann et al. 2006; Kwiatkowski et al. 2009 ). Mutations in the two genes have linked ALS and FTLD, as they cause a spectrum of disorders from pure ALS to pure FTLD with a large percentage of mixed cases (Geser et al. 2010) . Indeed, overlap in clinical manifestations, neuroimaging and pathological findings suggest that ALS and FTLD are related diseases (Bigio et al. 2012; King et al. 2012; Lin and Dickson 2012; Whitwell et al. 2012) . Furthermore, in some forms of familial ALS more recently linked to chromosome 9, affected family members develop ALS, FTLD, or both (ALS/FTLD) with an autosomal dominant trait. In 2011, the genetic defect associated with chromosome 9 ALS/FTLD was identified as an aberrant number of expansions of a hexanucleotide sequence (GGGGCC) repeat in the non-coding region of the c9orf72 gene. In addition to being involved in *40 % of familial cases, these intronic repeat expansions have been linked to *10 % of cases previously classified as sporadic (Majounie et al. 2012) . Several other genes have been identified in which mutations can lead to non-traditional ALS or have been found in only a few families; including VAPB (vesicle-associated membrane proteinassociated protein B; Nishimura et al. 2004 ), ALS2 (alsin) (Yang et al. 2001) , VCP (valosin-containing protein) (Johnson et al. 2010) , OPTN (optineurin) (Maruyama et al. 2010) , UBQLN2 (ubiquilin 2) (Deng et al. 2011) , DAO (Damino acid oxidase) (Mitchell et al. 2010) , and SPG11 (Daoud et al. 2012 ). Most recently two additional genes, hnRNPA2B1 and hnRNPA1, were linked to familial ALS (Kim et al. 2013 ).
Models of ALS and Mechanisms of Disease
The discovery of ALS-causative genetic mutations enabled the development of animal and cellular models to recapitulate, at least in part, the disease phenotypes, to study the disease mechanisms, and to develop potential therapeutics. The first mouse model of ALS, harboring the human SOD1-G93A mutation, was created in 1994 and found to recapitulate many aspects of the human disease (Gurney et al. 1994) . Since then, other human SOD1 mutations and some of the newly discovered gene mutations have been introduced into rodents and invertebrate models (Stieber et al. 2004; Watanabe et al. 2001; Popescu et al. 2013; Howland et al. 2002; Taes et al. 2013; Estes et al. 2013; Sasayama et al. 2012; Vaccaro et al. 2012; Swarup et al. 2012; McGoldrick et al. 2013) . The introduction of induced pluripotent stem cell technology has permitted the generation of differentiated neural cells carrying disease-causative genetic mutation in the context of the genetic makeup of individual patients, allowing the creation of human cellular models (Han et al. 2011) . The inclusion of iPS biology has also enabled the creation of sporadic neurodegeneration models, which had been not previously possible (Peitz et al. 2013) .
Studies performed both in animal and cellular models have led to the conclusion that ALS is a multifactorial disease involving the dysfunction of many vital cellular processes and organelles. Excessive glutamate signaling leading to high intracellular Ca 2? can cause neuronal toxicity in a process known as excitotoxicity. Motor neurons in ALS are particularly vulnerable to calcium alterations, partly due to the overexpression of Ca 2? -permeable AMPA receptors (Kawahara et al. 2004; Yin et al. 2007) , making them more susceptible to glutamate-induced excitotoxicity mediated by Ca 2? (Foran and Trotti 2009 ). Cellular systems, located at the interface between mitochondria and endoplasmic reticulum that regulate intracellular Ca 2? levels are altered in ALS (Lautenschlager et al. 2013; Jaiswal et al. 2009 ), leading to elevated cytosolic Ca 2? . The anti-glutamatergic drug Riluzole can alleviate these excitotoxic changes by increasing glutamate uptake activity of astrocytic glutamate transporters, minimizing signaling at motor neurons and thus Ca 2? influx (Frizzo et al. 2004; Dall'igna et al. 2013; Cifra et al. 2011) .
While it is known that motor neurons are the first and most affected cells of the CNS, recent work has indicated several other cell types are involved in ALS progression (Gentleman 2013; Evans et al. 2013) . Decreases in expression and function of the astrocytic glutamate transporter, EAAT2, has been seen in animal models (Howland et al. 2002; Trotti et al. 1999; Warita et al. 2002) , and evidence of protein decrease and decreased uptake has been seen in patients (Fiszman et al. 2010; Rothstein et al. 1990; Bristol and Rothstein 1996) . Synaptic glutamate mishandling eventually leads to an excitotoxic environment, which can be deleterious to the neighboring motor neurons.
Several lines of evidence have reported ALS primarily as a proteinopathy. Accumulation of ubiquitin-positive aggregates in affected cells has been linked to dysfunction of the proteasomal degradation pathway (Takalo et al. 2013 ). SOD1 aggregates have been found in familial ALS patients with SOD1 mutations, in the SOD1-G93A mouse model, and in other models of ALS (Shaw et al. 2008; Wang et al. 2002a, b) . In addition, the ubiquitin E3 ligase, E6-AP, which binds wild type (WT) and mutant SOD1 and whose overexpression leads to degradation of SOD1 protein and SOD1-G37R aggregates in vitro, was shown to be underexpressed in mutant SOD1-expressing cells and mice preceding neurodegeneration (Mishra et al. 2013 ), further implicating a dysfunctional proteasomal system. TDP-43 and FUS/TLS have also been shown to form cytoplasmic inclusions in patients and models of ALS, suggesting proteinopathy in ALS is not only related to mutations in SOD1 (Arai et al. 2006; Rademakers et al. 2010) . Similarly, ubiquitin-positive aggregates of FUS/TLS (Suzuki et al. 2012; Fushimi et al. 2011) , TDP-43 (Nakamura et al. 2012) , and SOD1 have been found in various models of ALS and in selected groups of patients (King et al. 2011) .
The lines of evidence briefly summarized above all expose ALS as a complex, multifactorial disease, with many cellular abnormalities underlying motor neuron degeneration, and with a multisystemic nature in which motor neuron death is the result of both intrinsic mechanisms and the contribution of different cell types including astrocytes and microglia.
Posttranslational Modifications in ALS
The models based on genetic forms of ALS have been invaluable in elucidating disease mechanisms. Many of these models have shown an interaction between posttranslational modifications and proteins with diseasecausative mutations or otherwise impacted by disease. Phosphorylation is one of the most common reversible post-translational modifications and has far-reaching implications. Changes in the steady-state phosphorylation and glycosylation status of proteins have been seen in models of ALS (Hu et al. 2003 ). In the SOD1-G37R mouse model, for example, extensive hyperphosphorylation of neurofilaments has been reported (Farah et al. 2003 ), which in turn decreases O-glycosylation of these same neurofilaments in motor neurons of mice (Shan et al. 2012) . The shift in the balance between phosphorylation and glycosylation of neurofilaments can contribute to slow axonal transport with strong implications for ALS pathophysiology (Williamson and Cleveland 1999) .
Acetylation is another common post-translational modification and promising work has been done with histone deacetylases (HDACs) and HDAC inhibitors in many neurodegenerative fields, including ALS. HDAC inhibitors have been tested with some success in preclinical trials for spinocerebellar ataxia type 3 (Yi et al. 2013 ), Parkinson's disease (Kidd and Schneider 2011) , ALS (Yoo and Ko 2011) , and other neurodegenerative disorders (Ricobaraza et al. 2009; Chopra et al. 2012 ). In addition, mutant SOD1 increases tubulin acetylation through the downregulation of HDAC6, leading to increased SOD1 aggregation (Gal et al. 2013) . Other post-translational modifications of different proteins have been reported in ALS (Redler et al. 2011) , including ubiquitinylation (Saxena et al. 2009 ) and nitrosylation (Schonhoff et al. 2006 ).
Sumoylation and ALS
Small ubiquitin-related modifier (SUMO), a ubiquitin-like protein and reversible post-translational protein modifier, can cause alterations in the localization, activity, and stability of modified proteins (Geiss-Friedlander and Melchior 2007) . Sumoylation is a dynamic process involving the modification of lysine residues in often critical proteins. The rapidly reversible nature of sumoylation is vital for its role as a protein switch and for its ability to adjust to cellular changes (Schneider Aguirre and Karpen 2013). In the sumoylation process, an isopeptide bond is formed between the SUMO moiety and a lysine of the target protein in an ATP-dependent, multistep process that resembles ubiquitylation (Tang et al. 2008) . The heterodimeric activating protein E1 forms a thioester bond with the target protein, at which point the conjugating E2 (UBC9) enzyme binds. Often, a ligating E3 enzyme is required for ligation of SUMO (SUMO1-3) to the lysine of interest. In general, sumoylation occurs at a lysine residue within a consensus motif (Fuhs and Insel 2011; Arredondo et al. 2013 ), but exceptions have been found (Figueroa-Romero et al. 2009 ). Prior to sumoylation of the target protein, maturation of the SUMO moiety by SUMO-specific proteases with hydrolase activity, during which excess c-terminal amino acids are removed exposing the -GG active domain, is required (Xu and Au 2005) . Several classes of desumoylating proteases (isopeptidase activity; SENPs, DeSI1-2, and USPL1) have been discovered and there is a great deal of specificity in removing the SUMO moiety from target proteins (Hickey et al. 2012) . Most protein targets undergo rapid cycles of sumoylation and desumoylation. This often results in very low levels of the modified protein, making it difficult to detect. While sumoylation has not been extensively studied in ALS, the field is growing and links to disease are beginning to emerge. Reviewed below are several studies from the last few years describing the interaction of sumoylation and ALS-linked proteins and potential relations to disease.
Sumoylation and SOD1
Superoxide dismutase 1 aggregates are a hallmark of mutant SOD1-linked ALS, found in patients and animal models of ALS (Shaw et al. 2008) . The existence of hyper-oxidized SOD1 complex aggregates with toxic properties was also recently reported in sporadic ALS patient-derived cells, demonstrating a common SOD1-dependent toxicity in mutant SOD1-linked familial ALS and a subset of sporadic ALS (Guareschi et al. 2012) . Fei et al. showed that SOD1 can be sumoylated by SUMO1 on lysine 9. Attachment of SUMO1 to SOD1 increases the propensity and stability of aggregation, regardless of whether or not the SOD1 is mutated. In addition, sumoylation of SOD1 increases the longevity of both WT and mutated forms of SOD1, demonstrating that sumoylation has the potential to impact the severity of all forms of ALS (Fei et al. 2006 ).
Sumoylation and TDP-43
Aggregated TDP-43 can also be seen in sporadic ALS and in mutant TDP-43-linked ALS; hence, the aggregation of TDP-43 is an intriguing area of study for all ALS investigators. Cytoplasmic ubiquitin-positive TDP-43 aggregates have been shown in patients and models (Arai et al. 2006 ) and the mislocalization of TDP-43 to the cytoplasm has been associated with motor neuron toxicity (Barmada et al. 2010) . Recently, a spliced form of TDP-43 in which most of the c-terminus is missing was found to be prone to aggregation. The aggregates formed by the spliced isoform are phosphorylated, ubiquitinylated, and sumoylated (SUMO2/3). These aggregates of TDP-43 are insoluble in buffer with a mild detergent and when cell lysates are treated with the desumoylation enzyme, SENP2, TDP-43 shows a decrease in the reactivity of SUMO2/3 in the insoluble fraction, indicating that a protein within the aggregate is directly sumoylated (Seyfried et al. 2010) . The presence of SUMO2/3 in these aggregates could indicate that sumoylation contributes to the aggregation of TDP-43, though it remains unclear if TDP-43 is itself sumoylated. While it is not known whether these aggregates are a toxic species, the high prevalence of TDP-43-positive aggregates makes it an area of strong interest.
FUS/TLS as an SUMO1 E3 Ligase
Fused in sarcoma/translated in liposarcoma acts as an SUMO1 E3 ligase for the product of the tumor suppressor gene Ebp1, an ErbB3-binding protein. The subunit p43 of Ebp1 is sumoylated by FUS/TLS under normal conditions and levels of sumoylation are increased by DNA damage and other stress. There is also evidence that FUS/TLS is itself sumoylated (Oh et al. 2010 ), but how sumoylation affects FUS/TLS localization or function is not discussed. While it is not yet known if any of the ALS-causative mutations in FUS/TLS impact its ability to act as an E3 ligase, it is interesting to note that this possibility exists.
Sumoylation of the Astroglial Glutamate Transporter EAAT2
The glutamate transporter EAAT2 is responsible for the clearance of the majority of synaptically released glutamate and expression levels of EAAT2 are decreased in the spinal cord of ALS patients (Bristol and Rothstein 1996) . Decreases in EAAT2 expression and activity levels are also seen in the spinal cord of the SOD1-G93A mouse model of ALS during the symptomatic phase of the disease. This disease-driven decrease could presumably be responsible for a progressive impairment of the normal glutamatergic neurotransmission between upper and lower motor neurons, eventually contributing to the death of the spinal motor neurons by excitotoxicity (Howland et al. 2002) . The involvement of EAAT2 in ALS, however, goes beyond the functional implication on glutamate homeostasis of the excitatory synapses of the spinal cord. A presumably nonapoptotic activation of caspase-3 occurring in astrocytes during disease in the SOD1-G93A mouse model of ALS leads to EAAT2 cleavage and the generation of a unique, proteolytic fragment composed of the cytosolic c-terminus domain of EAAT2, which was found to be sumoylated by SUMO1 (CTE-SUMO1; Fig. 1 ) and to accumulate throughout disease progression in astrocyte nuclei, where it associates with promyelocytic leukemia (PML) nuclear bodies (Gibb et al. 2007 ). In confirmation of EAAT2 sumoylation, both SUMO1 and Ubc9, the E2-conjugating enzyme, were shown to selectively interact with the c-terminal domain of the transporter in a yeast two-hybrid screening assay. Moreover, ectopic expression of SUMO1 and Ubc9 was sufficient to drive sumoylation of EAAT2 and its c-terminus fragment (Gibb et al. 2007) . Studies in the SOD1-G93A mouse showed that the number of astrocytes displaying nuclear accumulation of CTE-SUMO1 increases to *20 % of the GFAP ? cells of the ventral horn (Foran et al. 2011) . AdV-empty vector and AdV-GFP (MOI 3) treated astrocytes were used as controls. Homogenates were collected after 7 days of incubation post-treatment and western blot analysis was performed with an affinity-purified anti-EAAT2 polyclonal antibody recognizing an epitope in the c-terminus domain of EAAT2 downstream the caspase-3 cleavage consensus site (a.a. 518-536; anti-CTE domain), affinity-purified anti-EAAT1 antibody (epitope a.a. 522-536; anti-EAAT1) and anti-GFAP antibodies. Intensity of the bands was quantified by densitometry using a Chemidoc system (Biorad). EAAT2 and EAAT1 signals were normalized against GFAP expression levels. The antibody anti-EAAT2 was produced by Affinity Bioreagent (15 mg/ml) and used at 0.1 ug/ml. Anti-EAAT1 antibody was a generous gift from Dr. Danbolt (0.2 ug/ml, rabbit #8D0161). b Quantification of EAAT2 and EAAT1 changes as a result of CTE-SUMO1 transduction is shown (**p \ 0.01; Dunnett's multiple comparisons test). c Spinal cord astrocytes were transduced with AdV expressing CTE-SUMO1, GFP, or empty vector as control (MOI 1). Total RNA was collected after 7 days of incubation with virus and qPCR performed. First strand cDNA was synthesized by reverse transcription from 1 lg of total RNA using High Capacity RNA-tocDNA Master Mix (applied Biosystems). The thermocycler parameters were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. The results were analyzed by the comparative Ct method and normalized against GFAP expression levels (*p \ 0.05; Dunnett's multiple comparisons test) of the spinal cord at disease end stage (Foran et al. 2011) , suggesting that the accumulation of this sumoylated fragment was not a general response of astrocytes to disease progression but rather a phenomenon that was segregated to a subset of astrocytes, perhaps in response to a specific focal stimulus. Interestingly, in vitro experiments in a coculture model system showed that astrocytes that display nuclear accumulation of CTE-SUMO1 can initiate a toxic response in motor neurons (Foran et al. 2011) , suggesting that a similar non-cell autonomous mechanism of motor neuron toxicity plausibly could be occurring in vivo in ALS mouse models and patients. To explore the molecular pathway in astrocytes activated by CTE-SUMO1 that might be responsible for motor neuron impairment, genomic profiles of astrocytes transfected with either translationally fused CTE-SUMO1 or unsumoylated CTE construct were analyzed. Changes in expression were found in several genes coding for growth factors, transcription regulators (including FUS/TLS and TARDBP/ TDP-43), and zinc-ion-binding proteins as well as genes involved in oxidative phosphorylation, mitochondrial function, cellular respiration, protein modification/ubiquitination, and protein processing, suggesting that the CTE-SUMO1 fragment could act as a generic dysregulator of the astrocyte physiology, which ultimately leads to death of motor neurons through a yet unidentified factor or combination of factors (Foran et al. 2011) . Some of the discovered transcriptionally dysregulated proteins are currently being further investigated by the laboratory.
Transcriptional Downregulation of the EAAT2 Transporter by CTE-SUMO1 Fragment CTE-SUMO1 accumulation in PML nuclear bodies of astrocytes changes the transcription of numerous proteins. Most interestingly, we found that CTE-SUMO1 expression in spinal cord astrocytes caused a fourfold decrease in EAAT2 protein levels (Fig. 2a, b) . No changes were found in the astrocytic glutamate transporter, EAAT1 (Fig. 2a, b) . Messenger RNA levels of EAAT2 were also downregulated, indicating that the negative regulatory impact of CTE-SUMO1 was at the level of the EAAT2 gene transcription (Fig. 2c) . The regulatory effect of CTE-SUMO1 is extended to other glial transporters as well. The mRNA encoding the astrocytic glycine transporter, GlyT1 is upregulated (Fig. 2c) , while the mRNA encoding the glia GABA transporter, GAT4 is downregulated (not shown). EAAT2 expression in astrocytes is regulated by the presence of motor neurons in culture. When astrocytes are cultured with neurons, kappa B-motif-binding phosphoprotein (KBBP) binds the promoter of EAAT2 and increases EAAT2 transcription and translation (Yang et al. 2009 ). While expression of CTE-SUMO1 causes downregulation of EAAT2, it does not prevent the neuronstimulated, KBBP-mediated transcriptional activation of EAAT2 (Fig. 3) , but rather acts independently. Addition of neurons to spinal cord astrocyte cultures increased EAAT2 mRNA expression in CTE-SUMO1 transduced astrocytes by 1.4-fold, similarly to what was seen in untreated or control transduced astrocytes (Fig. 3) . Chromatin immunoprecipitation (ChIP) analysis revealed an occupancy of CTE-SUMO1 on EAAT2 promoter (Fig. 4 a, b) . The ChIP assay was performed on chromatin fragments prepared from mouse spinal cords of non-transgenic, WT SOD1 and SOD1-G93A mice at pre-symptomatic (50 days old) and symptomatic stage of disease (130 days old). EAAT2 promoter sites, shown as Probe A and Probe B (Fig. 4a) , were positive for binding tested with an anti-EAAT2 antibody directed toward its c-terminus CTE domain (Fig. 1) , indicating direct occupation of CTE-SUMO1 to these promoter sites. Interestingly, the binding had a tendency to increase as disease progressed to symptomatic stage. Of note, the binding of CTE-SUMO1 to the EAAT2 promoter did not prevent EAAT2 upregulation by neurons via KBBP. More studies are needed to unravel intimate mechanisms of this transcriptional regulation. Fig. 3 Astrocytic expression of CTE-SUMO1 does not block neuronstimulated EAAT2 transcriptional activation. Astrocytes, grown in a 6-cm petri dish, were transduced with adenovirus expressing CTE-SUMO1, with AdV empty for control (MOI = 3) or left untreated. After 48 h post-transduction, purified cortical neurons (8 9 10 4 cells) were added to the astrocytes and kept for the next 7 days. Total RNA was used for qPCR analysis. EAAT2 signal was normalized against GFAP mRNA levels (*p \ 0.05; Dunnett's multiple comparisons test)
In summary, we have started to unravel additional mechanisms of dysregulation of the excitatory synapse homeostasis, mediated by a sumoylated fragment generated from the glia glutamate transporter, EAAT2, in ALS. Binding of CTE-SUMO1 to the EAAT2 promoter leads to the downregulation of EAAT2 mRNA and protein. Therefore, accumulation of CTE-SUMO1 in ALS could contribute to the disease pathogenesis by decreasing the transcription of EAAT2 gene, which ultimately leads to a decrease in EAAT2 protein levels and to glutamate-mediated excitotoxicity.
Sumoylation and Other Degenerative Diseases of the Motor Neuron: Spinal-Bulbar Muscular Atrophy
Sumoylation has also been implicated in a disease with a very similar etiology to ALS, spinal-bulbar muscular atrophy (SBMA). SBMA is caused by the expansion of a CAG repeat in the n-terminal region of the androgen receptor. An X-linked adult onset degenerative disorder, SBMA causes the dysfunction of the spinobulbar motor neurons, leading to deficits in speech, chewing, swallowing, and often atrophies of proximal limb muscles. It has been shown that the androgen receptor is sumoylated and that the sumoylation of the androgen receptor is increased in the presence of hormone (Kaikkonen et al. 2009 ). It is interesting that the sumoylation is hormone dependent because it has been shown that expanded CAG-repeat dependent toxicity is also reliant on the presence of hormone (Chevalier-Larsen et al. 2004 ). However, the sumoylation of androgen receptor with the CAG expansion leads to the attenuation of protein aggregation (Mukherjee et al. 2009 ).
Similar to the study of sumoylation in ALS, the field of sumoylation effects in SBMA is in its infancy. That the primary protein is sumoylated under physiological conditions indicates a central role for the sumoylation, though the functional implications are not clear yet. However, unlike the sumoylation of TDP-43 and of SOD1, the sumoylation of the androgen receptor reduces the aggregation of the mutated protein. It may indicate that the prevention of sumoylation will not prove to be a panacea in all neurodegenerative disorders. Fig. 4 Occupancy of CTE-SUMO1 on EAAT2 promoter in spinal cord of SOD1-G93A mouse model of ALS increases in disease. a Schematic representation of a portion of the promoter region of the mouse EAAT2 gene is shown. Upstream Probe, Probe A, Probe B, and Downstream Probe indicate the locations of TaqMan probes used to amplify EAAT2-specific promoter sequences pulled down by chromatin immunoprecipitation (ChIP). b ChIP assay of EAAT2 promoter with antibody specific for EAAT2 c-terminus (CTE). For the preparation of chromatin samples, two spinal cords for each group were fixed in 1 % formaldehyde solution for 10 min., and then a nuclear pellet was prepared following the protocol specified in the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Cat#78833). The pellet was resuspended in 700 ll of shearing buffer and the chromatin fragments were generated according to a protocol specified in the ChIP-IT Ò Express Kit and Sonication Shearing Kit Manual (ActiveMotif, Cat#53008) by sonication. Sixty microlitres of sheared chromatin was incubated with the anti-CTE antibody (epitope 518-536; 2 lg in 200 ll of ChIP reaction) and Protein G magnetic beads. Chromatin elution, cross-linking reversion, and DNA isolation were done with reagents and according to protocol provided by ChIP-IT Ò Express Kit. The DNA that was bound to CTE was amplified by PCR with the 4 different TaqMan probes. Precipitated EAAT2 promoter segments were detected using quantitative real-time PCR and relative chromatin occupancy was calculated as fold increase over non-transgenic spinal cord ChIP. Control regions in the downstream and 1,280 bp upstream EAAT2 mRNA start transcription site (upstream and downstream probes) were also quantitated using realtime PCR in parallel as further demonstration of assay specificity (*p \ 0.05; Dunnett's multiple comparisons test)
Conclusions
It is clear that alterations to post-translational modifications in ALS are part of a growing field of research and, in particular, sumoylation has stood out as a convergent mechanism. The prevalence of sumoylation on diseasecausative proteins may prove to be a common target for familial and sporadic ALS. Increased protein longevity is central to proteinopathies like ALS, and longevity caused by sumoylation is troubling but may prove to be a pathway to therapeutics. While it is not known if the large compact aggregates are themselves toxic, the existence of long lasting proteins that harbor disease-causative mutations is a significant area of concern.
The impact of sumoylation on protein localization has been well described. Several proteins that shuttle into the nucleus (Truong et al. 2012; Woeller et al. 2007 ) require SUMO attachment for proper function. In addition, sumoylation has been linked to localization and functional changes of ALS-linked proteins. The mislocalization of the DNA/RNA-binding proteins FUS/TLS and TDP-43 has been linked to disease and therefore could prove to be vital in disease pathology. In addition, the nuclear localization of the novel peptide CTE-SUMO1 has been directly linked to genetic alterations, which impact the fundamental biology of astrocytes. The study of sumoylation in ALS will continue to grow and will be an important aspect of future discoveries.
